Reaction blockading in charged-neutral excited-state chemistry at low
  collision energy by Puri, Prateek et al.
Reaction blockading in charged-neutral excited-state chemistry at low collision energy
Prateek Puri,1 Michael Mills,1 Ionel Simbotin,1 John A. Montgomery, Jr.,2
Robin Coˆte´,2 Christian Schneider,1 Arthur G. Suits,3 and Eric R. Hudson1, 4
1Department of Physics and Astronomy, University of California – Los Angeles, Los Angeles, California, 90095, USA∗
2Department of Physics, University of Connecticut, Storrs, Connecticut 06269, USA
3Department of Chemistry, University of Missouri, Columbia, MO 65211, USA
4UCLA Center for Quantum Science and Engineering,
University of California – Los Angeles, Los Angeles, California, 90095, USA
(Dated: May 10, 2019)
We study an excited atom-polar molecular ion chemical reaction (Ca∗ + BaCl+) at low temper-
ature by utilizing a hybrid atom-ion trapping system. The reaction rate and product branching
fractions are measured and compared to model calculations as a function of both atomic quantum
state and collision energy. At the lowest collision energy we find that the chemical dynamics dramat-
ically differ from capture theory predictions and are primarily dictated by the radiative lifetime of
the atomic quantum state instead of the underlying excited-state interaction potential. We provide
a simple rule for calculating at what temperature this regime, where the collision complex lifetime
is longer than the radiative lifetime of the quantum state, is reached. This effect, which greatly
suppresses the reactivity of short-lived excited states, provides a means for directly probing reaction
range. It also naturally suppresses unwanted chemical reactions in hybrid trapping experiments,
allowing longer molecular ion coherence and interrogation times.
Over the last decade, techniques from ultracold physics
have been adapted to the study of chemical systems,
bringing unique capabilities including precise control of
the reagent quantum states and energy [1–4]. While early
work focused on all-neutral chemistry, more recently
there has been a shift to the study of charged-neutral
reactions [5–9], as available techniques allow probing a
wider range of energy [10] and species, as well as trapping
and study of reaction products [11–13]. Already, these
so-called hybrid systems have been used to study reac-
tions of several atom-ion combinations [14–18], showing a
dependence of reactivity on molecular conformation [19]
and the production of novel molecules [20]. Despite this
work, there has yet to be a study of atom-polar molec-
ular ion chemistry in these systems. Given that such
reactions play a central role in chemistry of the inter-
stellar medium [21–23], which provides the raw materials
from which stars, planets, and potentially even life devel-
oped, understanding these reactions at low temperature
is a fundamental goal for chemistry and physics. More-
over, these same reactions could severely limit experi-
ments aiming to produce quantum-state-selected polar
molecular ions [24–26] via sympathetic cooling [27–29]
for quantum logic applications [30].
Here, we advance these fronts by using a hybrid trap
to study the reaction between electronically-excited Ca
atoms and BaCl+ molecules. Using the capabilities of the
hybrid trap, we measure the reaction rates and product
branching fractions of these reactions at collision energies
from 15 K down to 0.2 K (all temperatures in this work
refer to collision energies in units of J/kB = K, where
kB is the Boltzmann constant). At the lowest energies in
our study, which are amongst the lowest ever studied in a
molecular ion-atom system [29, 31–33], we find a chem-
ical regime where the chemical dynamics are primarily
dictated by the radiative lifetime of the reagent quan-
tum state instead of the underlying excited-state inter-
action potential. Additionally, we provide a simple rule
for calculating at what temperature this regime, where
the collision time is longer than the radiative lifetime of
the quantum state, is reached.
This result parallels previous work in excited-state ul-
tracold neutral-neutral systems where reduced reaction
rate constants have been observed and explained as a
consequence of spontaneous emission suppressing short-
range excited-state population [34, 35]. Subsequent stud-
ies also demonstrated that external optical fields could be
used to modify radiative dynamics and directly control
reaction outcome [36, 37].
The work presented here extends these techniques to
the rapidly developing field of cold molecular-ion chem-
istry. Specifically, the phenomenon observed here should
be universal to atom-ion chemical systems and, through
its dependence on the reactive trajectory, provides a
means to probe the range of a chemical reaction. It
also greatly suppresses the reactivity of short-lived ex-
cited states. Therefore, this work implies that care must
be taken when interpreting low temperature atom-ion re-
action data and that certain unwanted chemical reactions
in hybrid trapping experiments can be mitigated by sim-
ply going to low temperature and thereby allowing longer
molecular ion coherence and interrogation times.
In the remainder of this work, we first describe the
experimental system and technique for energy control
and then present the observed total reaction rates and
branching fractions of the Ca 1P1 and
3P2 states, which
show very different behavior. We then describe a qualita-
tive model for the observed effect that provides a simple
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2means to calculate at what temperature this radiative
regime is reached. Finally, we compare our experimen-
tal results to a more rigorous model of the observed effect
that is integrated into a modified long-range capture the-
ory.
I. RESULTS
Experimental system
The atom-ion apparatus utilized in this experiment
(Fig. 1a), dubbed the MOTion trap and described else-
where [20, 27, 38], is a hybrid system consisting of a
co-located magneto-optical trap (MOT) and a linear
quadrupole ion trap (LQT) that is radially coupled into a
time-of-flight mass spectrometer (ToF) [11, 12]. Ba+ ions
are co-loaded into the trap and laser-cooled to tempera-
tures of ≈ 100 mK to provide sympathetic cooling for the
reactant BaCl+ molecules. To tune reactant collision en-
ergy, we employ both a recently developed ion-shuttling
technique [39] as well as the traditional method of micro-
motion energy tuning through crystal sample size mod-
ulation [40, 41]. The former technique, which may be
used with both three-dimensional structures and linear
ion chains (Fig. 1b), utilizes precise control of the end-
cap electrode voltages within the ion trap to modulate
the position of the ion at a fixed velocity (Fig. 1c). This
allows for collision energy scanning without problematic
effects associated with micromotion, such as micromotion
interruption collisions and poor energy resolution [42, 43].
For the reaction rate data discussed below, we implement
the technique with three dimensional structures to in-
crease data acquisition throughput. Additionally, while
not measured directly, we expect that the internal de-
grees of freedom of the reactant BaCl+ molecules are
cooled via sympathetic cooling collisions [27] with the
Ca MOT.
Observation of reaction blockading
The reaction is energetically forbidden in the ground
state; however, by using previously established methods
involving optical pumping and magnetic trapping [20],
the reaction is shown to proceed via the Ca 1P1 and Ca
3PJ electronic states (Appendix Fig. 4). After identify-
ing the reaction pathways of the system, the dependence
of reaction rate on collision energy was explored and is
presented in Fig. 2a. All presented theory curves are
averaged over the energy distribution of the ions before
comparison with the data, and the theory error bands
are determined by uncertainties in the polarizability and
quadrupole moment values used to construct the molec-
ular potentials utilized in the calculation.
For the 3P2 state, a BaCl
+ sample was overlapped with
a magnetic trap of pure triplet atoms while micromotion
energy tuning was used to change the reactant collision
energy from ≈ 1 − 20 K. The measured reaction rate
appears to increase at low energy as expected for an ion-
quadrupole reaction and agrees with a long-range capture
theory calculation, to be described later.
Two methods, excess micromotion energy tuning
through crystal size manipulation and ion shuttling, were
used to measure the collision energy dependence of the
Ca (1P1)+ BaCl
+ reaction. Over their common range (4
K - 20 K), the two methods agree and reveal an essen-
tially energy-independent reaction rate constant. How-
ever, interestingly, unlike the Ca (3P2) state, the mea-
sured rate constant decreases at low temperature instead
of increasing as predicted by standard quadrupole-ion
capture theory.
Branching fraction analysis
Given this departure from standard capture theory, we
then measured the product branching fractions to gain a
fuller understanding of the chemical dynamics. For ex-
perimental convenience, reactions between Ca and non-
shuttled BaCl+ ions were studied at an average energy of
≈ 5 K. For reactions with the Ca 1P1 and Ca 3P2 states,
there are three energetically allowed pathways:
BaCl+ + Ca−→ CaCl+ + Ba (1)
−→ Ba+ + CaCl (2)
−→ Ca+ + BaCl (3)
Products from the first two reactions are experimen-
tally identified by the appearance of reaction products
in ToF spectra (see Fig. 2b). While the reaction prod-
ucts are created with <∼ 1 eV of energy, the radial (axial)
trap depth of the LQT is ≈ 4(0.5) eV, and thus, ≥ 95%
of charged products are expected to be recaptured in the
LQT, assuming isotropic scattering of ions after reaction.
Products from the direct charge exchange reaction (equa-
tion (3)) cannot be inferred directly due to a background
Ca+ influx from MOT atom photoionization; thus, these
products are inferred indirectly through the presence of
the other two products. Additionally, Ba+ products are
distinguished via mass from the isotopically-pure 138Ba+
coolant ions since the initial BaCl+ reactant sample is
present in natural abundance.
By monitoring the appearance of Ba+ and CaCl+
ions in the ToF-MS spectra, branching fractions,
γi, defined as the number of product ions in the
ith exit channel formed per BaCl+ loss event, are
measured. For the 4s4p 1P1 entrance channel,
[γCaCl+ , γBa+ , γCa+ ] = [0.014(4), 0.43(6), 0.57(6)],
while [γCaCl+ , γBa+ , γCa+ ] = [0.0001(8), 0.5(2), 0.5(2)]
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Figure 1: Experimental apparatus and techniques
(a) The MOTion trap atom-hybrid trap apparatus (b) Image of an ion chain being shuttled over a distance of
≈ 1 mm at a collision energy of ≈ 750 mK. To reduce secular heating, the ions spend over 90% of the time at
the trajectory endpoints, and thus ion fluorescence is only visible at these locations. (c) The trajectory of a shut-
tled ion sample, as determined by fluorescence images acquired by triggering on the phase of the shuttling wave-
form. Also presented is the location of the potential minimum of the axial potential as predicted from the endcap
waveform voltages at particular instances of time. For reference, the blue shaded region represents the 1/e spatial
density width of the three-dimensional Coulomb crystal used in the measurement. Additionally the horizontal red
shaded region represents the 1/e spatial distance of the MOT cloud. To the right of the plot, an inset displays ex-
perimental false-color fluorescence images of the shuttled ions at various times along the shuttling trajectory.
is measured for the 4s4p 3P2 state. Notably, the CaCl
+
molecule is only definitively detected in 1P1 reactions,
providing a means for quantum state control of reaction
products.
Also shown in Fig. 2c are the branching fractions pre-
dicted by a phase space theory calculation [44]. This
calculation assumes all product states that are accessi-
ble via energy and angular momentum conservation are
equally probable. Thus, product branching fractions are
calculated by counting the total number of states avail-
able to each reaction product (Appendix B). The model
predicts branching fractions of [γCaCl+ , γBa+ , γCa+ ] =
[0.04(2), 0.42(17), 0.53(19)] for the singlet and
[γCaCl+ , γBa+ , γCa+ ] = [0.018(14), 0.56(21), 0.41(23)]
for the triplet, which are in reasonable agreement with
the experimental values (Fig. 2c). The error bars are
primarily determined by energetic uncertainties in the
exothermicity of each reaction channel. The relative or-
dering of the branching fractions can be attributed to
two main factors. First, the CaCl+ exit channel has the
lowest product exothermicity and therefore the fewest
accessible rovibronic states. Second, the ground state of
the CaCl+ + Ba asymptote is composed of two singlets,
whereas the other asymptotes are composed of two dou-
blets, reducing the number of states accessible to CaCl+
by approximately a factor of four.
The relatively good agreement of this model with the
data suggests that the reaction proceeds via a long-lived
collision complex, which facilitates the realization of er-
godicity and therefore the statistical assumption of the
model.
Modeling of reaction blockading
Given the evidence for a long-lived collision complex
from the product branching data and the dramatic differ-
ence in reactivity as a function of temperature for quan-
tum states with a long (3P2, τ ≈ 118 min) and short (1P1,
τ ≈ 4 ns) radiative lifetime, the observations suggest that
that spontaneous emission modifies the chemical dynam-
ics. Because any reaction on an excited surface starts
in the separated atom limit, the reagents must propa-
gate inward to short-range separation (∼ 10 a0) before a
chemical reaction can occur. If the time it takes to propa-
gate inward to form a collision complex and pass through
the transition state to products is similar to the radia-
tive lifetime of the excited reagent, it is likely that spon-
taneous emission will occur during the chemical event.
In this limit, which is more likely at extremely low tem-
peratures, the reactivity of excited reagents will be given
by the reactivity of the surface reached through sponta-
neous emission, which in the present case is the endoergic
ground-state surface.
To estimate the temperature at which this effect be-
comes important, it is necessary to calculate the de-
pendence of the total collision time on temperature.
Normally, this would be estimated by calculating the
lifetime of the three-body collision complex from Rice-
Ramsperger-Kassel-Marcus theory [45, 46]; however, this
lifetime, which is typically a few vibrational periods,
severely underestimates the total collision time at low
temperature as it neglects the time it takes for the
reagents to fall into the collision complex.
Following similar approaches in neutral-neutral sys-
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Figure 2: Reaction blockading in excited neutral-ion systems
(a) The experimental dependence of reaction rate constant on collision energy, as measured through both micro-
motion (MM) tuning (circles) and shuttling (squares) for both the singlet and triplet reaction surfaces. Note that
the y-axis scale is different for the two reactions. Both data sets are in reasonable agreement with a modified cap-
ture theory incorporating reaction blockading, with the reaction rate of the short-lived Ca 1P1 state significantly
suppressed at low temperatures as compared to its standard capture theory prediction. For the triplet data, an ab-
solute rate constant is measured at 10 K and all subsequent data points are normalized with respect to this value
due to technical difficulties associated with frequent magnetic trap density measurements. Each data point consists
of approximately 100 measurements, and all errors are expressed at the 1σ level. (b) Mass spectra, obtained from
the ToF-MS, of the identified product ions of the reaction. The shaded portions identify the masses corresponding
to the product ions, and a control spectrum is included where the ions were ejected into the ToF-MS without MOT
exposure. (c) A comparison of the measured branching fractions and the predictions of the statistical phase space
theory (PST) for both Ca singlet (top) and triplet (bottom) reactions. Errors are expressed at the 1σ level and, in
the case of the CaCl+ values, may be smaller than the plot-marker size.
tems [36], to account for this effect we consider the col-
lision trajectory of the reactants as they spiral inward
along their ground-state and excited-state surfaces. Since
these surfaces have different long-range forms, due to
their differing polarizabilities and quadrupole moments,
they diverge from one another as the atom-ion sepa-
ration distance decreases. This causes any lasers reso-
nant with the system in the dissociation limit to become
far-detuned in the region where chemical dynamics oc-
cur. At cold temperatures, this effect, dubbed reaction
blockading, makes it unlikely that the Ca atom will re-
main in the excited state long enough to react before
spontaneously emitting; however, at higher collision ve-
locities, such events are less likely to occur before the
atom reaches short-range.
This effect is particularly sensitive to the atomic life-
time of the reactive state, as longer excited-state life-
times allow the reaction complex to reach short-range
more easily before being interrupted by a spontaneous
emission event. As a result, once reaction blockading is
integrated into the capture theory predictions, we ob-
serve good agreement with the Ca 1P1 data; whereas, for
the long-lived triplet state, the effect of reaction blockad-
ing is negligible, as expected (Fig. 2a).
While a more quantitatively rigorous model of the
blockading effect is presented in the next section, we first
develop a simple model to estimate when radiative effects
become significant. The collision energy, EB , at which
the blockading effect reduces the total reaction rate by
1/2 can be approximated by considering the amount of
time, tB = τ ln(2), it takes to deplete the excited state
population by the same amount, where τ is the excited-
state lifetime.
From conservation of energy, Etot = Ecol(r) + Vex(r),
where Etot is the total energy of the system and Vex(r)
is the excited-state potential of the system, and thus, tB
can be expressed in terms of the collision energy as
τ ln(2) =
∫ rs
rc
(
µ
2[Etot − Vex(r)]
)1/2
dr (4)
where rs is the short-range distance at which the chemical
event occurs (≈ 50 a0 in our system) and rc is the criti-
cal internuclear separation distance where the addressing
laser becomes detuned from its associated atomic transi-
tion (≈ 1200 a0 in our system). We obtain rc by solving
Vex(rc) = Vgs(rc) + ∆E − h¯Γ where Vex(r) and Vgs(r)
are the excited-state and ground-state molecular poten-
tials of the system, ∆E is the separation-limit energetic
difference between the ground and excited states, and Γ
is the linewidth of the neutral cooling transition.
Further, if we approximate the velocity, and thus the
kinetic energy, of the system as being constant during the
5latter portion of the trajectory, then Etot − Vex(r) ≈ EB
and equation (4) can be inverted to yield the final result
EB =
1
ln(2)2
(rc − rs)2
τ2
µ
2
≈ 1
ln(2)2
r2c
τ2
µ
2
(5)
where rs  rc in the latter approximation. Applying
equation (5) to the Ca∗+BaCl+ system, we calculate EB
to be 560 mK for the 1P1 state and  1 µK for the 3P2
state.
Modified capture theory
For quantitative comparison to the measured rate con-
stant, we require a more rigorous model of the blockading
effect than the one presented in the previous section. To
this end, we modify standard long-range capture theory
to include a probability of reaching short-range before
spontaneous emission for each partial wave, P`(Ecol,mJ):
σ(Ecol) ≈
pih¯2
2µEcol
∑
mJ
ηmJχS
2J + 1
`max(Ecol,mJ )∑
`=0
(2`+ 1)P`(Ecol,mJ)
(6)
where ηmJ is the probability that the mJ Zeeman level
reacts if it reaches short-range, χS is the probability
that the reaction does not produce an excited BaCl+
molecule, and `max(Ecol,mJ) is the maximum orbital an-
gular momentum that the entrance system can possess
at energy Ecol while still being able to reach short-range.
P`(Ecol,mJ) is calculated by simultaneously finding the
trajectory of colliding pair on their interaction potential
and solving a two-level Einstein rate equation model to
account for electronic population dynamics in the pres-
ence of changing electronic energy levels (Appendix C).
The long-range potentials, assuming the ion to be a
positive point charge, are dominated by the ion-dipole
polarizability and ion-quadrupole terms as shown in
Fig. 3a,d. As can be seen, for the 3P2 and
1P1 levels
the (J, |mJ |) =(2,2) and (1,0), and (J, |mJ |)=(1,1) states,
respectively, have large barriers. Reactants on these po-
tentials cannot reach short-range on any partial wave.
While the other potentials are attractive at long-range,
it is necessary to match the long-range potential to the
short-range potential energy surface for a complete reac-
tion rate calculation.
To this end, electronic structure calculations were per-
formed [47, 48] to calculate the reaction surface for each
excited-state reagent, using equation-of-motion coupled
cluster theory including single and double excitations
(EOM-CCSD) (Appendix D). The resulting potential
surfaces for separation between BaCl+ and Ca ranging
from 4A˚ and 10A˚ are shown in Fig. 3 for the three excited
singlet and triplet symmetries, 1A′, 2A′, and A′′. The
dark plane in each panel indicates the asymptotic energy
of BaCl+ + Ca – 3.08 eV for the singlet and 1.88 eV for
the triplet, neglecting spin-orbit couplings. Most notably,
in the case of the singlet, the surfaces corresponding to
the 2A′ and the A′′ geometry prevent the reactants from
approaching the reaction region at short-range. Since
only the surface corresponding to the other A′ geometry
allows approach to the reaction region, ηmJ=1/3 for reac-
tions originating in the Ca(1P1) state. In the case of the
triplet, all three surfaces possess a pathway to reach the
reaction region. Therefore, given the low temperatures
probed here, we take ηmJ=1 for all reactions originating
in the Ca(3P2) state.
Finally, for the present system, there are many inelastic
channels that lead to a loss of the initial reagent popu-
lation, but result in excited states of [BaCl+ + Ca] that
ultimately radiatively decay back into the [BaCl+ + Ca]
ground state, making such reactions indistinguishable
from non-reaction events. To estimate the probability of
such events, we apply the phase space theory model de-
scribed earlier to the exit channel product [BaCl+ + Ca].
After including all energetically accessible excited states,
we obtain χS = 0.76(13) and 0.72(17) for the singlet and
triplet channels, respectively, with the errors again de-
termined by uncertainties in exit channel exothermicities
(Appendix B).
The results of this modified long-range capture model,
after thermal averaging, are shown in Fig. 2a and are in
reasonable agreement with the data.
II. DISCUSSION
The observed reaction blockading is expected to be
a general effect in low temperature ion-neutral chem-
istry, as the monopole field of the ion significantly alters
the electronic structure of the neutral at relatively long-
range. While the modified capture theory developed here
can quantitatively treat the suppression effect, the simple
expression presented in equation (5) can be used to esti-
mate if reaction blockading will be important for a given
system. For example, in the (Rb + N+2 ) [16] and (Rb
+ Ba+) [5] systems studied by the Basel group, equa-
tion (5) predicts that reaction blockading is important
at E <∼ 10 mK, significantly below the temperatures of
their studies.
In addition to the role reaction blockading may play in
the interpretation of low-temperature excited-state re-
actions, it has an important consequence for the field
of quantum-state-selected molecular ions. The reactions
studied here represent the dominant loss mechanism for
preparing cold molecular ions with laser-cooled neutral
atoms [28], and the described suppression effect may
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Figure 3: Potential energy curves and surfaces.
(a) Potential energy curves for each (J,|mJ |) level expressed as a function of internuclear separation coordinates for
BaCl+ + Ca (1P1), where the molecular ion is considered as a point charge placed at the origin (Ba
+ in blue, Cl
in red) . (b-d) Potential energy surfaces corresponding to (b) the A
′′
symmetry and (c and d) the two A′ symme-
tries for the BaCl+ + Ca (1P1) complex. The x and y axes are in A˚ and the z axis in eV. The orange plane is the
asymptotic value 3.08 eV above the global ground state of BaCl+ + Ca, computed with the same level of theory at
R = 50 A˚. Short-range energetic barriers along the A
′′
(b) and 2A
′
(d) surfaces prevent the reactants in these sur-
faces from reaching the reaction region at short-range, resulting in a reduction of the overall Ca 1P1 reaction rate
by a factor of 1/3 (see equation (6)). (e-h) Similarly for the BaCl+ + Ca(3P2) complex, potential energy curves
(e) and surfaces are displayed corresponding to the A′′ (f) and the two A′ symmetries (g and h), with axes consis-
tent with those of the singlet. The orange plane is the asymptotic value 1.88 eV above the global ground state of
BaCl+ + Ca (singlet) computed with the same level of theory at R = 30 A˚. Unlike the Ca 1P1 surfaces, no short-
range energetic barriers prevent reaching the reaction region for the triplet surfaces and thus there is no additional
reduction in triplet reaction rate.
be critical for enhancing sample overlap times in next-
generation hybrid trapping experiments [30, 49].
In summary, we have presented an investigation of
polar molecular ion-neutral chemistry at cold tempera-
ture. A recently developed ion-shuttling technique, along
with micromotion-energy tuning, was employed to mea-
sure the dependence of the reaction rate on collision en-
ergy. Branching fractions for the reaction were measured
and advanced electronic structure calculations, comple-
mented by a long-range capture theory analysis, were
performed to understand the collision dynamics of the
system, revealing a strong dependence of the reaction
on approach angle of the incoming Ca atom. Further, we
have demonstrated that spontaneous emission during the
collision strongly affects the reaction rate of the system,
resulting in a reaction blockading phenomenon. This ef-
fect is incorporated into a modified-capture theory model
and compared to the experimental data, demonstrating
reasonable agreement. Further, a rule of thumb is de-
veloped to estimate at what temperature the reaction
blockading effect becomes important for a given chemi-
cal system. This work builds on previous studies explor-
ing radiative effects in neutral-neutral reactions [35–37]
and represents an important step towards understanding
quantum chemical dynamics in hybrid systems and well
as controlling such dynamics with optical and electro-
magnetic fields.
III. METHODS
Experimental apparatus
In a typical experimental sequence, a sample of Ba+
and BaCl+ ions is loaded into the ion trap by ablat-
ing a BaCl2 target with a pulsed 1064 nm Nd:YAG
7laser. The Ba+ ions act as a translational sympathetic
coolant [27, 49, 50] for the BaCl+ molecules, enabling
the study of reactions at low collision energy. After ini-
tialization, the ion crystal is immersed, either while be-
ing shuttled or while stationary, in a cloud of roughly
two million Ca atoms loaded into a MOT. The ions and
atoms are allowed to interact for a variable amount of
immersion time before the ions are ejected into the ToF,
which registers the amount of each species present in the
LQT at a given instant.
Reaction rate extraction
BaCl+ depletion, caused by reactive collisions with the
ultracold Ca sample, is monitored as a function of reac-
tion time, and the reaction kinetics data is fit to a simple
rate equation model in order to determine total reaction
rate
ΓT =
∑
i
〈∫
ρˆion(~r(t))ηi(~r)ki(E(~r(t)))d
3r
〉
(7)
where ΓT is the total reaction rate, ηi(~r) is the atom den-
sity of the ith Ca electronic state at position ~r, ρˆion(~r(t))
is the integral-normalized spatial ion density an ion sam-
ple undergoing a trajectory ~r(t) (time independent if non-
shuttled), and ki(E(~r(t))) is the reaction rate constant of
the ith electronic state at the spatially dependent colli-
sion energy, E(~r(t)), and the angled brackets represent a
time average over the reaction time. Fluorescence from
the laser-cooled Ba+ ions and Ca atoms can be imaged
with three separate EMCCD cameras, allowing for accu-
rate determination of the spatial distributions and den-
sities needed for the rate constant extraction.
Collision energy control
We employ a recently developed [39] ion-shuttling tech-
nique to measure how the reaction rate varies with re-
actant collision energy. Collision energy in hybrid trap
experiments is typically controlled by tuning the excess
micromotion energy of an ion sample within a LQT; how-
ever, while this method allows precise control of the av-
erage collision energy, it suffers from poor energy res-
olution and is susceptible to problematic effects such as
micromotion interruption heating. The shuttling method
improves upon this technique by offering comparatively
higher energy resolution while maintaining the ions on
the trap null, and the essentials of the method are briefly
reviewed below.
For small displacements around the ion trap center, the
potential in the axial dimension can be approximated as
a harmonic oscillator, where offsets in voltages applied to
opposing endcap electrodes serve to shift the equilibrium
position of the harmonic potential. A time-dependent
voltage offset between the endcaps provides precise con-
trol the velocity of the ion, and thus the collision energy,
as a function of time. Additionally, the endcap voltage
waveforms must be selected carefully to ensure that the
ions respond adiabatically to the translating axial poten-
tial and experience minimal secular heating.
The position of the ions while shuttling can be tracked
for ions with velocities <∼ 50 m/s by phase triggering
an EMCCD camera on the shuttling waveform and ob-
taining fluorescence images at various positions along the
shuttling trajectory, as shown in Fig. 1b. In this range,
the ions follow the waveform predicted trajectory and ex-
perience roughly linear motion in the intersection region
with the MOT. Further, control measurements are taken
by monitoring the ion amount in the LQT while shut-
tling for several hundred seconds with no MOT present
and demonstrate that ion loss due to secular heating is
negligible.
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Appendix A: Reaction rate measurements
In general, the BaCl+ sample may react with several
Ca electronic levels that are simultaneously populated,
each of which may have differing spatial density distribu-
tions and chemical reactivities. Consequently, the decay
of BaCl+ from the LQT can be modeled using a simple
rate equation model as
d
dt
NBaCl+ = −ΓTNBaCl+ (A1)
where ΓT is the total reaction rate and is calculated as
ΓT =
∑
i
∫
ρˆion(~r)ηi(~r)ki(Ecol(~r))d
3r (A2)
where the sum is carried over all populated Ca levels,
ηi(~r) is the peak-normalized atom number density of
the ith Ca electronic state at position ~r, ρˆion(~r) is the
integral-normalized ion-number density a evaluated at
position ~r (time-dependent if shuttled), and ki(Ecol(~r)) is
the reaction rate constant of the ith electronic state at the
spatially dependent collision energy, Ecol(~r). Note that
the energy of the ions when the sample is held stationary
is determined primarily by the position-dependent micro-
motion energy. However, when shuttled, the ion sample
also possesses kinetic energy from the time-dependent
shuttle trajectory, and ΓT is determined by taking the
time-average of equation (A2) over the experimental duty
cycle. After the total reaction rate has been determined,
the individual rate constants for the various Ca electronic
states can be inferred.
MOT laser cooling parameters are varied to determine
the relationship between the reaction rate and atomic
population in both the 4s4p 1P1 and 4s4p
3PJ states (Ap-
pendix Fig. 4a). For the 4s4p 1P1 state, the intensity of
the cooling beam is manipulated to vary the singlet state
population while the reaction kinetics data is extracted,
yielding a reaction rate constant of 6(1.5)×10−10 cm3s−1
for the 4s4p 1P1 state (obtained at a collision energy of
≈ 10 K).
Typically, the MOT triplet steady-state population is
≈ 100× smaller than the singlet population, making it
difficult to distinguish between reactions originating from
the triplet state and those originating from the singlet.
In order to extract reliable 4s4p 3PJ reaction rate con-
stants, in a manner similar to Ref. [20], BaCl+ ions are
overlapped with a magnetic trap of 4s4p 3P2 atoms lost
from the MOT laser cooling cycle [20]. The magnetic
trap spatial profile needed for atom number density cal-
culations, and thus rate constant extraction, is obtained
by monitoring how the reaction rate varies as a function
of displacement from the trap center (Appendix Fig. 4b).
Using this method at a collision energy of ≈ 10 K, an ab-
solute reaction rate constant of 2(1) × 10−9 cm3s−1 is
extracted for the 4s4p 3PJ state, a rate roughly a factor
of four larger than that of its 4s4p 1P1 counterpart.
In order to calculate the spatial overlap of the mag-
netic trap and the ions, the center of the magnetic trap
is first identified by observing a Ba+ laser-cooling fluo-
rescence dip due to coherent-population-trapping (CPT)
at the magnetic field zero of the system. Subsequently, a
bias current is applied to the anti-Helmholtz coils utilized
for constructing the MOT trapping potential. The bias
current shifts the magnetic field zero, and thus the center
of the magnetic trap, by a fixed distance, z0, away from
the ions (typically chosen to be ≈ 500 µm) in the axial
dimension, ensuring that CPT effects do not complicate
reaction rate data acquisition. The radial distance of the
ions from the center of the magnetic trap is then tuned by
adjusting the endcap voltages of the LQT, and reaction
rates are measured at various atom-ion spatial offsets.
At each position in the LQT, the ions experience a local
magnetic field density, ρM (r), of
ρM (r) = ρM0e
−
√
r2+4z20
ωB (A3)
where ρM0 is the peak density of the magnetic trap, r is
the radial position of the ions with respect to the mag-
netic trap center, and ωB is the spatial length scale of
the magnetic trap, determined as ωB = (0.98±0.11) mm
through fits to the above-mentioned reaction rate data
(error expressed at the 68% confidence interval). For clar-
ity, we emphasize that the axial and radial dimensions
referenced here refer to the conventional dimensions of
the anti-Helmholtz coil geometry and not the LQT trap-
ping potential.
While other excited states are occupied during laser
cooling, such as the 4s4p 1D2 state, these states have sub-
stantially smaller electronic state populations than the
4s4p 1P1 and 4s4p
3PJ levels and are not expected to
contribute substantially to the observed reaction rates.
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Figure 4: Reaction rate characterization
(a) Observed reaction rate constant dependence on Ca
4s4p 1P1 population. The inset displays a typical re-
actant decay curve used to extract the rates, with the
reactant amount determined by integrating over ToF-
MS spectra. (b) The measured Ca 4s4p 3P2 reaction
rate constant, ΓT, multiplied by the geometric atom-ion
overlap factor, Oˆ, obtained at different spatial offsets
between the ion sample and the center of a magnetic
trap of pure triplet atoms. The corresponding fit curve
(dashed line) along with its 90% confidence interval
(CI) (yellow band) are displayed as well. The functional
form of the fit curve (equation (A3)) allows for approx-
imate estimation of the magnetic trap density profile.
For both plots, each data point consists of approxi-
mately 100 measurements, where error bars represent
one standard error.
Appendix B: Phase space theory calculation of
branching fractions
Under the assumption of strong coupling, all elec-
tronic, orbital, and angular momenta are expected to
mix. Thus, while each individual angular momentum
is not a conserved quantity throughout the reaction, the
total angular momentum, K, along with its cylindrical
axis projection, Kz, are conserved [51], with K being the
N
ℓ
N+
K
N-KK-N
εf> λf(ℓf)
Figure 5: Phase space diagram for branching
fraction calculation
A phase space diagram showing the range of rotational
(N) and orbital (`) angular momentum product states
accessible at a given reactant total angular momentum
(K). The shaded region of the curve denotes the final
states that both obey angular momentum conservation
and possess enough product kinetic energy, f , to clear
the product state centrifugal energy barrier, λf (`f ),
and dissociate from the three body reaction complex
into the final product atom and diatomic molecule.
magnitude of the vector sum
K = ` +N+ L+ S (B1)
where `, N, L, and S are the vectors for the orbital,
rotational, electronic orbital, and electronic spin angular
momenta of the reaction complex. For the reactions stud-
ied in this work, |L| and |S| are ≤1, while generally |`|
and |N| can often exceed ≈ 10, meaning the former can
be neglected in the following calculation for simplicity.
In both the reactant (i) and product (f) states, K is
bounded as
|`i(f) −Ni(f)| ≤ K ≤ |`i(f) +Ni(f)| (B2)
Additionally the final product must possess enough ki-
netic energy to escape the angular momentum barrier
of the exit channel, permitting the three-body complex
to dissociate into its molecular and atomic constituents.
The later restriction is satisfied by enforcing
f ≥ λf (`) (B3)
where f is the final kinetic energy of a given product
state and λf (`f ) is the height of the centrifugal barrier in
each product exit channel at orbital angular momentum
`f . f can be calculated as
f (i, vi, Ni, vf ,Nf , Qi,f ) =
i + Eint(vi, Ni)− Eint(vf , Nf ) +Qi,f
(B4)
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where i is the initial collision energy of the reaction com-
plex, Qi,f is the exothermicity of reaction for exit channel
f , and
Eint(vi(f), Ni(f)) = ωi(f)(vi(f) + 1/2)
+ 2βi(f)Ni(f)(Ni(f) + 1)
− ωi(f)χi(f)(vi(f) + 1/2)2
(B5)
is the internal energy in the reactant (product) state as-
sociated with the vi(f) and Ni(f) vibrational and rota-
tional level, respectively, which is characterized by the
spectroscopic constants ωi(f), βi(f), and ωi(f)χi(f).
Equations (B2) and (B3) restrict the number of `f and
Nf states accessible to each exit channel (see Appendix
Fig. 5) at a given total angular momentum, K, and exit-
channel kinetic energy, f . By counting the number of
states accessible to each possible exit channel at given K
and f , one can define the probability of accessing each
exit channel as
Pf (K, f (i, vi, Ni, vf , Nf , Qi,f ))
=
∑
vf ,Nf
dfnf (K, f (i, vi, Ni, vf , Nf , Qi,f ))∑
b
∑
vb,Nb
dbnb(K, b(i, vi, Ni, vb, Nb, Qi,b))
(B6)
where nb(K, b(i, vi, Ni, vb, Nb, Qi,b)) is the the total
number of states accessible for exit channel b at a given
K and b, and db is a degeneracy factor that accounts
for the spin multiplicity of each product state. We
note that nb(K, b(i, vi, Ni, vb, Nb, Qi,b)) is proportional
to the area bounded by curves presented in Appendix
Fig. 5.
Therefore, again following Ref. [52], the total reac-
tion cross-section for a given exit channel, f , given an
initial reactant rotational quantum number, Ni (assum-
ing the reactant is in the ground vibrational state), and
summed over all accessible product rotational and vibra-
tional states is given as
σf (Ni, i) =
`max(i)∑
`i=0
2(`i + 1)pih¯
2
2µf i
Pf (`i)
=
`max(i)∑
`i=0
pih¯2
2µf i(2Ni + 1)
∑
|`i−Ni|≤
K≤|`i+Ni|
(2K + 1)
× Pf (K, f (i, vi, Ni, vf , Nf , Qi,f ))
(B7)
where µf is the reduced mass of the product complex.
Lastly, to calculate the final branching fractions, we
must average each cross-section across the rotational
temperature of the sample as
σf =
∑
Ni
1
Z
(2Ni + 1)
× e−2βiNi(Ni+1)/(kBT )σf (Ni, i)
(B8)
where T ≈ 2i/kB is the effective rotational temperature
of the initial reactant molecular ion and Z is the rota-
tional partition function.
Finally, after the relevant cross-sections have been
computed, the branching fraction into each exit channel,
γf , is given by
γf =
σf∑
f σf
(B9)
Equation (B9) is applied to the Ca∗+BaCl+ system, and
the results are compared directly to experimental branch-
ing fractions in the main text (Fig. 2c). In addition to
the product branching fractions, equation (B9) is also
applied to estimate the percentage of collisions that oc-
cur and result in excited states of [BaCl+ + Ca] that
ultimately radiatively decay back into the [BaCl+ + Ca]
ground state. This factor is included as χS in equation
(6) of the main text and adjusts our rate constant cal-
culation to account for experimentally indistinguishable
events where inelastic collisions occur but no new molec-
ular products are formed (see Appendix C). Errors in the
calculated branching ratios can be primarily attributed
to uncertainties in the exit channel exothermicities, non-
ergodicity in the system, and uncertainties in the molec-
ular constants used in the state counting process.
Appendix C: Modified capture theory calculation
A semi-classical model for the reaction blockading ef-
fect was constructed that considers the effect of each par-
ticipating partial wave on the total reaction cross-section
by solving an Einstein rate equation model for the Ca
atom in the presence of a laser field. As the atom ap-
proaches the ion along its reactive trajectory, the energy
spacing between the ground and excited state changes
from its separation limit value due to the differing long-
range forms of the respective potentials. Thus, any laser
fields that are resonant with the atoms in the separation
limit become detuned as the reaction trajectory proceeds,
resulting in a reduced excited-state population at short-
range as compared the steady-state value.
To account for this effect and to calculate the proper
population fractions at short-range, the model as-
signs the optical field a time-dependent laser detuning,
∆(t) = [Vex(r(t), `) − Vgs(r(t), `)]/h¯, where Vex(r(t), `)
is the excited-state molecular potential, Vgs(r(t), `) is
the ground-state molecular potential, r(t) is the time-
dependent internuclear-separation distance, and h¯ is the
reduced Planck’s constant.
Two levels are considered in the rate equation model,
the ground Ca 1S0 state (N0,0) and the excited Ca
1P1(mJ = 0) state (N1,0). The system of equations is
constructed as follows
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dN0,0
dt
= B10(t)(N1,0 −N0,0)
dN1,0
dt
= A10N1,0 +B10(t)(N0,0 −N1,0)
(C1)
where NJ,mJ refers to population in the (J,mJ) state
and A10 is the Einstein-A coefficient between the two
levels. B10(t) is the time-dependent Einstein-B coeffi-
cient between the two levels that incorporates ∆(t) and
is given as
B10(t) = Γ10
pi2c3
h¯ω310
I
2pic
Γ10
(δ −∆(t))2 + (Γ10/2)2 (C2)
where Γ10 is the transition linewidth, ω10 is the transi-
tion energy, and δ is the separation-limit laser frequency
detuning from the atomic transition.
r(t) is determined by solving Newton’s classical law of
motion in the collision frame, µr¨ = ddrVav(r). To esti-
mate the force the system experiences as it transitions
between the ground and excited state potentials, we use
an averaged potential, Vav(r), that is weighted by the
ground-state and excited-state populations as
Vav(r) =

ρppVex(r, `) + (1− ρpp)Vgs(r, `) r > rc
Vgs(r, `) r ≤ rc
(C3)
where ρpp is the steady-state excited-state fraction of the
Ca MOT [53] and rc is defined in equation (6) of the
manuscript (ρpp ≈ 0.2 under standard laser-cooling con-
ditions). In the model, the averaged potential is approxi-
mated as transitioning to a fully ground-state potential at
rc. This approximation is made since at rc, the address-
ing laser field is detuned by one linewidth from resonance,
meaning the atoms primarily reside in their ground state
potential. An abrupt shift in potential was chosen over
continuous updating of the weightings of the averaged
potential for computational convenience.
The initial conditions for the equation of motion
are chosen as follows: r(0) = 3000 nm and r˙(t) =
(2Ecol/µ)
1/2. The computation was repeated with r(0)
being varied across 1000 nm, confirming that choice of
initial condition did not affect the trajectory result within
a < 1% level. Both Vex(r(t), `) and Vgs(r(t), `) con-
tain the orbital-angular-momentum-dependent centrifu-
gal barrier term, h¯2`(`+1)/(2µr2), where ` is the orbital
angular momentum of the system, ensuring that each
partial wave has a unique collision trajectory.
The reaction blockade factor for each partial wave,
P`(Ecol,mJ), can be determined by dividing the excited-
state fraction predicted by the rate equation model at
short-range by its long-range value, ρpp. The separation
distance at which the chemical event occurs is rs, and
therefore the excited-state fraction for the mJ = 0 pro-
jection state at short-range is given as N1,0(tc) where tc
is defined as r(tc) = rc. Consequently, P`(Ecol,mJ) =
N1,mJ (tc)/ρpp, and the total cross-section, including the
blockading effect, can be calculated as
σ(Ecol) ≈
pih¯2
2µEcol
∑
mJ
ηmJχS
2J + 1
`max(Ecol,mJ )∑
`=0
(2`+ 1)P`(Ecol,mJ)
(C4)
where all quantities are defined as they are in equation
(6) of the main text. The collision energy of the system
sets the initial velocity of the collision complex and has
a significant effect on how likely the Ca atom is to reach
short-range before spontaneously decaying. We note that
exclusion of dark states, such as the Ca 3d4s 1D2 state,
in the model is warranted since over the collision energy
range studied, the atom-ion complex accelerates to short-
range in < 10 atomic lifetimes, and the branching frac-
tion into dark levels from the excited Ca singlet state is
1 : 105.
The sum over all ` and mJ states in equation (C4) is
carried out for both the triplet and singlet manifold, with
the results plotted alongside the data in Fig. 2a in the
main text. We also note for all molecular potentials with
repulsive long-range forms, such as the (J,mJ)=(1,±1)
projection states, the reactants repel one another and
thus do not reach short-range, resulting in P`(Ecol,±1) =
0. Lastly, for further explanation of the ηmJ factors in
the above equation as well as a more thorough discussion
of cases where P`(Ecol,mJ) = 0, refer to the proceeding
section.
Appendix D: Cross-sections and electronic structure
calculations
As depicted in Fig. 3a,e (main text), the effect of the
quadrupole moment on the long-range curves is non-
trivial, leading to barriers that reduce reaction rates for
some channels or more attractive curves that increase the
reaction rates for others.
Consequently, the long-range curves have a strong ef-
fect on the modified capture theory presented in Ap-
pendix C. The theoretical cross-sections are dependent
on the factor P`(Ecol,mJ) (see equation (C4)), which is
only non-zero if the long-range potential for a particu-
lar mJ projection-state is attractive. Therefore, if a J
manifold has repulsive mJ projection states, its average
cross-section, and also its reaction rate, will be reduced
accordingly.
The long-range curves plotted in Fig. 3a,e of the
main text can be used to determine these reduction
factors for both the singlet and triplet manifolds. Let
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J,|mJ |(E) correspond to the energy-dependent cross-
section for the (J, |mJ |) projection state within either
the singlet (S) or triplet (T) manifold. For the singlet
manifold corresponding to BaCl+ + Ca (1P1), we find
that both mJ = ±1 projection states corresponding to
the (J, |mJ |) = (1, 1) curve are repulsive (Fig. 3a, main
text). Therefore, at low energy, both P`(Ecol, |mJ |) and
σSJ,|mJ |(Ecol) are approximately zero for these states. The
total cross-section for the singlet manifold is given by
the sum over all projection states, as described in equa-
tion (C4), leading to a total singlet cross-section of
σS(Ecol) =
∑
mJ
σSJ,|mJ |(Ecol)
=
2
3
σS1,1(Ecol) +
1
3
σS1,0(Ecol)
≈ 1
3
σS1,0(Ecol)
(D1)
Similarly, in the triplet case, since only the J = 2
of Ca (3PJ) was excited when reaction rate data was
experimentally acquired, we find that
σT (Ecol) =
∑
mJ
σTJ,|mJ |(Ecol)
=
2
5
σT2,2(Ecol) +
2
5
σT2,1(Ecol) +
1
5
σT2,0(Ecol)
≈ 2
5
σT2,1(Ecol) +
1
5
σT2,0(Ecol)
(D2)
again due to the energetic barrier for (J, |mJ |)=(2,2) pro-
jection states (Fig. 3e, main text). Note that for all cases
studied in this work, the potentials for both (J,±mJ) are
degenerate.
For a complete reaction rate calculation, the results
from the long-range potential energy surfaces (PESs)
must be matched the shorter-range PESs; consequently,
electronic structure calculations are performed to calcu-
late the latter. The reaction surface for each excited-state
reagent is computed using coupled cluster theory includ-
ing single and double excitations (CCSD). For the elec-
tronically excited states that correlate to Ca∗ + BaCl+,
with Ca (4s4p 1P1) and Ca (4s4p
3P2), reaction surfaces
are computed using equation-of-motion coupled cluster
theory including single and double excitations (EOM-
CCSD). The reaction surface calculations are performed
on a grid of 133 points at various angles and distances
of approach using the triple-zeta correlation consistent
basis sets (cc-pwCVTZ-PP on calcium and barium and
cc-pVTZ on chlorine). The core electrons in calcium and
barium are replaced by effective core potentials. The
electronic structure calculations are performed using the
Gaussian 09 [47] and Molpro 2012 [48] program packages.
The potential energy surfaces (PESs) shown in Fig. 3
(main text) for the three excited singlet and triplet sym-
metries, 1A′, 2A′ and A′′, are produced by interpolating
the 133 points computed on a grid ranging from 4 to 10 A˚
and angles between 0 and 180◦ (i.e. from Ca approaching
BaCl+ from Cl to Ca approaching BaCl+ from Ba, and
angles between these two linear approaches correspond-
ing to 0 and 180◦, respectively). The dark plane in each
panel indicates the asymptotic energy of BaCl+ + Ca∗,
3.08 eV for singlet and 1.88 eV for triplet.
For the singlet case, each of the three long-range curves
obtained by considering BaCl+ as a point charge will
be mapped roughly equally onto the three shorter-range
PESs, as the BaCl+ molecular axis is randomly oriented
along the x, y, or z axis in the laboratory frame defining
the mJ long-range projections. We account for this by as-
signing a probability of 1/3 to each of the (J,mJ) curves
to correspond to the 1A′, A′′, or 2A′ PES at shorter-
range, and write the total probability of reaching the
short-range reaction region, ηS , as
ηS =
1
3
η1A′ +
1
3
ηA′′ +
1
3
η2A′ , (D3)
where ηS is the probability of reaching the short-range
reaction region for the singlet PES. As shown in Fig. 3
(main text), there is a barrier preventing Ca∗ to reach
that region for both PES corresponding to A′′ and 2A′,
while no such barrier exists for 1A′, i.e. ηA′′ = η2A′ = 0
and η1A′ = 1, leading to ηS= 1/3.
In the case of the triplet manifold, all three short-range
PESs corresponding to 1A′, A′′ and 2A′ allow Ca∗ to
reach the reaction region, i.e. η1A′ = PA′′ = η2A′ = 1.
In this case, any long-range curve allowing Ca∗ to reach
short-range will also permit the system to evolve in the
reaction region, resulting in
ηT = 1 (D4)
where ηT is the probability of reaching the short-range
reaction region for the triplet PES.
After ηT and ηS have been determined, they can be
inserted into equation (C4) to yield the total cross-section
and, consequently, also the reaction rate constant. These
curves are plotted alongside the data in Fig. 2a of the
main text.
